Abstract-The explosion of thin flat and cylindrical foils has been studied on the BIN (270 kA, 100-ns rise time), XP (500 kA, 100-ns rise time), and COBRA (1.0 MA, 100-ns rise time) pulsedpower generators. On all three generators, hybrid and standard 4-wire X-pinches were used to provide soft X-ray radiography with better than 3-µm spatial resolution and 1-ns temporal resolution. This enabled a detailed exploration of the dependence of the exploded structure of the foil on its initial structure and the current density flowing through it. With sufficient current density in the foils, bubbles were observed to form in the center of the foils; the higher the current density, the larger is the bubble diameters.
I. INTRODUCTION
F OR more than 60 years, many laboratories have been studying the electrical explosion of metal loads under high current densities [1] - [12] . During the last two decades, a major area of study has been the nanosecond explosion of single fine wires [2] - [5] , and wire arrays of various configurations [6] - [11] . This was due to the progress in the creation of powerful sources of soft X-ray radiation based on multiwire assemblies on the Z generator [8] - [11] , including for use in inertial confinement fusion research [10] , [11] . During the past few years, the Z generator has addressed a magnetized liner inertial fusion for the fusion research involving a gas-filled cylindrical liner made of aluminum or beryllium placed in an external magnetic field and with initial heating of the gas by a powerful laser [12] , [13] .
Medium size generators at universities, such as COBRA [14] at Cornell University, ZEBRA [15] at the University of Nevada, Reno, and MAIZE [16] at the University of Michigan, have been used recently to study instability formation in thin cylindrical liners. In addition, Manuscript studies of flat foil explosions can help to understand the formation of small-scale instabilities in the liners [17] , [18] . For studies involving thin flat foils, it is possible to use small generators with currents from 10 to 500 kA [17] - [20] . For example, the small generator wire explosion generator (8 kA, 20 kV, 500 ns) at the Institute of High Current Electronics (Tomsk, Russia) [18] - [20] has been used. Flat foils are also used for applications such as shock wave generation [21] , the creation of fast switches for powerful generators [22] , and the interaction of XUV radiation with thin flat foils [23] . The structure of the foils before the explosion and its influence on the explosion of the foil was not taken into account. In this paper, the important role of the original structure of the foil on the formation of instabilities in the exploded foil is shown.
II. EXPERIMENTAL SETUP
Basic experimental setups are presented in Fig. 1 . Images of dense cores were obtained using high-resolution X-ray pointprojection radiography with standard or hybrid X-pinches (HXPs) as sources of probing radiation. Experiments were performed on pulsers with the output current from 250 kA to 1.2 MA with rise times about 100 ns (see Table I ). In all cases, the X-pinch X-ray burst is in subnanoseconds, and 0093-3813 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. so the image is essentially instantaneous in the time scale of expansion of the exploding foils [24] . Two approaches in different forms have been used to drive current through exploding foil loads for these experiments. Simplified schematic of the various arrangements is shown in Fig. 1 
(a)-(d).
Three generators with the parameters given in Table I were used in the experiments presented in this paper. Pointprojection radiography of the exploded and unexploded foils was the main diagnostics used in the experiments. On the BIN and XP generators, the source of backlighting radiation was an HXP placed as the main load of the generators [ Fig. 1(a) ]. The foils were placed in the return current circuit in one of the two return current posts [ Fig. 1 (a)-(c)]. To change the current through the foil, the geometry of the HXP, the rod, and the foil were changed to adjust the inductance of the circuits. The currents through the HXP and the foil were measured using calibrated Rogowski coils. On the COBRA generator, the exploded foil was placed in the main circuit while the HXP was in the return current circuit [ Fig. 1(d) ]. Unexploded foils on the COBRA were placed at a different angle to the HXPs and were studied as test objects.
The geometry of the experiments and the size of the radiation source from the HXP or the 4-wire X-pinch can provide a spatial resolution better than 3 µm [24] . The time resolution of the point-projection radiography with the X-pinch as a source of radiation is better than 0.1 ns [24] .
All information about the generator parameters, foils, and X-pinches are presented in Table I . Currents through the foils and voltages were measured on all generators, but the electrical circuits were too complicated to correctly subtract the inductive component of the voltage. Thus, we currently cannot carry out calculations of the energy deposited in the exploded foils. Diamond photoconducting detectors (PCDs) with different filters were used to detect the X-pinch burst intensity and timing. Currents and X-pinch X-ray signals measured on the XP and BIN generators are shown in Fig. 2 . 
III. EXPERIMENTAL RESULTS
While executing the experiments presented herein, we found that some of the foils had a well-defined initial structure in one direction, while other foils did not appear to have any visible initial structure (at least to within observable limits [24] ). In the case of very thin and low Z foils (4-µm Al or 1-µm Cu foils), the contrast of the point-projection radiography method was insufficient to see the foil structure. In Table II , all foils used in the experiments are characterized.
Figs. 3(a) and 4(a) present the radiographs of unexploded and exploded 16-µm-thick Al foils, respectively. To analyze the structure in the radiographs of both the unexploded and exploded foils more obvious, Fourier analysis was used for radiograph images of unexploded and exploded foils. Radiographs of exploded foils were analyzed during the early time period from the experiment's initial conditions up to the time of bubble formation [17] . The duration of this period mostly depends on the current density through the foils and the foil materials. The purpose of this procedure is the spatial filtering of the image. Fast Fourier transform (FFT) procedure of the images has been done in the beginning using ImageJ software [25] . Then, the central parts of the Fourier spectra were subjected to the inverse FFT (IFFT), filtering out high spatial frequencies of the image and removing the random disturbance. We have analyzed only the main part of the foil. The edges of the foil require a more complex analysis. The filtering was performed separately in the x-and y-directions as shown in these figures.
The initial structure of the unexploded 16-µm Al foil [ Fig. 3(a) , intensity profile 1] is about 30-µm scale. The IFFT also shows a structure with about 30-µm scale in one direction. In the other direction, the structure was not observed. The explosion of the same foil on the BIN and XP generators showed a very similar structure in one direction with about 60-µm scale. In Fig. 4 , the result of the foil explosion on the XP generator is shown. In this example, the initial structure of the foil was perpendicular to the current through the foil. Note that a similar scale structure of the exploded 16-µm Al foil was recorded on all three generators at different times with different currents but at nearly the same current density at the moment of the imaging. A similar structure was also recorded in the case of cylindrical liner made from this foil exploded on the COBRA generator [ Fig. 5(a) ]. 5-mm-wide Al foil (t = 88 ns, I = 96 kA, and j = 4×10 8 kA/cm 2 ) with an initial structure parallel to the current obtained on the XP generator in radiation of HXP with a 50-µm-diameter Ag wire using the arrangement shown in Fig. 1(a). (b) IFFT image in parallel (x-direction) and (c) perpendicular (y-direction) directions of the current. 1-4: intensity profiles of the images shown with white lines. Arrow: current direction. Shot #XP7678.
When the initial structure of the foil is parallel to the current through the foil, the structure of the exploded foil is much more complicated (Fig. 6) . The radiograph shows the superposition of three structures with different scales. In Table III , the scales of all developed features are presented. Small structure with about 20-µm scale is seen on the entire surface of the foil. Features with about 60-and 170-µm scales are seen in different parts of the foil surface.
From the results with foil structure parallel to the current, it is possible to say that without visible initial foil structure some instabilities develop perpendicular to the current direction. These instabilities are not so pronounced as instabilities = 94 kA, and j = 11.7 × 10 8 kA/cm 2 ) without visible initial structure obtained on the XP generator in radiation of an HXP with a 50-µm-diameter Ag wire using the arrangement shown in Fig. 1(a) in the xy plane. (b) Magnified image shown in Fig. 1(a) in the white rectangles. IFFT images in (c) perpendicular (y-direction) and (d) parallel (x-direction) directions of the current. Arrow: current direction. Shot #XP7717.
parallel to the current [compare intensity profiles 3 and 4 in Fig. 6 ].
Experiments with foils without visible initial structure have also been carried out.
Figs. 7-9 show the foils exploded under different conditions on different generators. All these foils do not have visible initial structure. In Fig. 7(a) , a radiograph of an unexploded Fig. 9(a) and (c) in the white rectangles. Arrows: current direction. Fig. 1(a)-shot #B160510 . Fig. 1(c) -shot #B160623.
7-µm Ni foil is shown. One can see that the foil has 6-7-µm scale structure in two directions. The IFFT of the image in Fig. 8 shows that the 4-µm-thick exploded Al foil has similar structure both parallel and perpendicular to the current direction. Fig. 9 shows almost the same structure in both directions for Ni and Cu foils exploded on the BIN generator. We can conclude that in the absence of visible structures before the explosion, the exploded foil for a long time (up to the foil boiling) also does not have a visible structure in any direction.
Only the central parts of the foils in Figs. 8 and 9 have a structure that differs from all other parts of the foils. Small growing bubbles are developed in the central parts of the foils. The bubbles are hardly seen on the exploded Ni foil in Fig. 9(a) and (b) , because the foil is too thick and the current density is less than that in the case of 1-µm-thick Cu in Fig. 9(c) and (d) . The current densities are 9.2 × 10 8 A/cm 2 for the Ni foil and (22.6-32.5) ×10 8 A/cm 2 for the Cu foil. The bubble diameters are less than 10 µm in the case of 5-µm Ni foil and 40-80 µm in the case of 1-µm Cu foil. The current density in the exploded 4-µm Al foil (Fig. 8 ) is 11.6 × 10 8 A/cm 2 and the bubble diameters are about 20 µm. We can conclude that when the bubbles have appeared, the liquid foil core begins to boil.
IV. CONCLUSION
The experiments and analysis show that the core structure in exploding foils is strongly dependent on the presence of significant initial structure in the foils and the current direction relative to the initial structure up to the boiling stage of the foils. Boiling begins in the center and depends on the current density-the higher the current density, the larger is the bubble diameters. The experiments have shown that the electrothermal instability cannot be a universal explanation for the exploding foil structure.
